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We propose that a photonic array of resonant circular dielectric waveguides with subwavelength
grating can be designed as a robust and sensitive topological chemical sensor. The device can detect
trace amounts of a given chemical species through photonic edge modes that are impervious to most
sources of disorder. We demonstrate the viability of the proposed sensor with a realistic simulation
in the mid-infrared that accounts for the absorption loss introduced by chemical molecules in contact
with a strongly coupled photonic lattice of resonators. Due to the topological nature of the device,
its chemical sensitivity scales linearly with the system size and can reach parts-per-billion range
at the millimeter scale. Our findings suggest that topological chemical sensors could empower the
development of novel on-chip integrated photonic sensing technologies.
Introduction.− The ability to reliably detect trace
amounts of chemical molecules through integrated cir-
cuits is an important research and technological chal-
lenge in various fields, from carbon capture and envi-
ronmental monitoring to medicine [1–4]. On-chip sen-
sors based on infrared photonic approaches, e.g., tun-
able diode laser absorption spectroscopy (TDLAS), per-
mit targeting specific chemical species by tuning light to
resonate at the absorption frequency of the molecules at
extremely low trace amounts [5]. Besides having excellent
chemical selectivity and sensitivity, they also have a fast
response/recovery rate, low environmental dependence
and low power consumption [6, 7] and thus are regarded
as promising for applications that demand state-of-the-
art chemical sensing. However, fundamental limitations
posed by fabrication resolution and intrinsic disorder re-
main challenging barriers to overcome. For instance, op-
tical scattering and cross-talking effects due to fabrica-
tion disorder can lead to significant transmission loss [8];
in optical resonators, size errors introduced by fluctua-
tions in the manufacturing process detune the targeted
frequency from the rest of the spectrum, thus impeding
coherent transport in resonance-based optical sensors [9].
Since its inception with the quantum Hall effect, the
concept of topological protection has raised the possibil-
ity of novel devices that are insensitive to disorder and
structural perturbations. Attempts to extend topologi-
cal concepts to photonics were first realized on gyromag-
netic photonic crystals operating in the microwave regime
[10, 11]. Subsequent efforts were focused on extending
topological photonic states with no external magnetic
field [12–14]. Hafezi et al.[15] experimentally realized a
two-dimensional aperiodic lattice of weakly coupled opti-
cal resonators. A tight-binding analysis predicted topo-
logically protected chiral edge states analogous to the in-
teger quantum Hall effect. In the strong coupling regime,
it has been shown [16] that this system can form two
copies of the anomalous quantum Hall effect [17], thus
behaving as a topological insulator [18], with propagat-
ing and counter propagating edge modes.
In this letter, we propose a conceptually novel topo-
logical sensing framework based on TDLAS using pho-
tonic arrays of strongly coupled circular waveguides, il-
lustrated in Fig. 1. The topological protection ensures
the robustness of the optical modes traveling at the edge
to the aforementioned disorder effects. We identify the
FIG. 1: a) Subwavelength grating (SWG) waveguide for the
enhancement of light-chemical interaction; b) strong coupling
bridge resonator unit, which mediates the coupling between
lattice sites in the array; c) Design of the dielectric circular
array with a source and drain of transmitting power. Gray
rings: lattice sites. Black rings: bridge resonators connect-
ing lattice sites. All rings are SWG waveguides, as shown in
the inset. The red lines indicate the topologically protected
modes propagating along the edges of the array.
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2phase diagram where the topological photonic states are
robust against the energy loss induced by a concentra-
tion of chemical species. Using a subwavelenth grating
(SWG) design that enhances interactions between light
and matter at the waveguides (see Fig. 1a), we perform
a realistic mid-infrared simulation of the energy loss in
the photonic lattice to a trace concentration of methane
(CH4). Due to its topologically protected nature, the de-
tection limit scales inversely with the system size and can
be improved by several orders of magnitude by scaling up
the lattice. In particular, we find that sensitivity in the
parts per billion (ppb) level can be reached in photonic
lattices at the mm scale. We propose that this topologi-
cally enabled design strategy provides a new pathway for
developing integrated photonic sensing circuits.
Photonic Lattice. − We model a topological photonic
insulator after Ref. [16] by constructing a square lattice
of optical resonators, as shown in Fig. 1c. The resonators
have the form of circular waveguides (gray circles) made
of a dielectric material. Each lattice site is connected to a
nearest neighbor (NN) site by a bridge resonator (black
circles). For a given frequency, all resonators have one
propagating and one counterpropagating optical mode,
which operate as a two component pseudospin. In the
absence of backscattering, the two pseudospins can be
treated independently and their indexes will be omitted.
The transfer matrix relates the transmission of light
between two NN resonators with incoming waves that
have complex amplitudes an and bn+δ, respectively, and
outgoing waves cn and dn+δ, namely
Sn,x
(
an
bn+x
)
=
(
dn+x
cn
)
Sn,y
(
dn
cn+y
)
=
(
bn+y
an
)
e−2iφ,
(1)
as shown in Fig. 1b. Sn,δ is the transfer matrix along the
NN direction δ = x, y. This matrix can be parametrized
as
Sn,δ =
[
rn,δ tn,δ
tn,δ rn,δ
]
=
[
sin θeαLb i cos θ
i cos θ sin θe−αLb
]
, (2)
where r and t are the complex reflection and transmission
coefficients respectively, with θ ∈ [0, pi2 ] the phase that
describes the coupling strength between NN sites. θ ∼
0 describes the weak coupling regime, where the sites
are nearly decoupled, whereas θ ∼ pi2 corresponds to the
strong coupling limit (t ≈ 1).
The parameter φ in Eq. (1) is the phase that light
acquires as it travels across a quarter of an NN site ring
[16]. In a real ring resonator, φ depends on the light
wavelength λ, effective refractive index n, and circumfer-
ence of the ring Ls as φ(λ) = pinLs/2λ [19, 20], and plays
the role of a frequency in the photonic band structure.
The quantity αLb gives the energy loss due to absorp-
tion of light in the bridge resonators due to contact with
a chemical species. Here, α is the absorption loss per
unit length due to the attenuation and Lb is the optical
path length of the light traveling in the bridge resonator.
We design the lattice in a way that light with wave-
length λ travels multiple times around the bridge res-
onators with refractive index n. The optical path length
Lb is defined by the quality factor (Q-factor) of a ring
resonator, which is a measure of the resonant photon life-
time and is thus connected to the effective path length
light travels, Lb = Qλ/2pin. The resonance condition
in the bridge resonators is that the effective light wave-
length is a submultiple of the perimeter of the circular
waveguide, λm = 2piRbn, with Rb the radius of the ring
and m is an integer. Hence,
Lb = QRb/m. (3)
The quality factor Q is material and geometry depen-
dent. Typical Q-values for chemical sensing are in the
range 104 − 108, whereas m is generally of the order of
10−100. Hence, Lb is serveral orders of magnitude larger
than the circumference of the bridge resonators in the
high-Q regime. At the same time, we design the optical
path length at the lattice sites to be about the circum-
ference of the rings Ls, such that Lb º Ls. Therefore,
the sensitivity of the photonic lattice to molecules in air
is set by processes in which the gas absorbs energy from
the photons confined in the bridge resonators.
Subwavelength Grating.− In solid dielectric waveg-
uides, light-matter coupling occurs through evanescent
waves at the surface of the material, which are typically
weak. We use instead subwavelength grating (SWG)
waveguides. The grating enhances light-matter interac-
tions by permitting the guided mode to overlap with the
gas, which diffuses freely through the grating. The struc-
ture is characterized by a lattice period Λ, as depicted in
Fig. 1a. At operation wavelengths λº Λ, one can treat
the SWG structure as a homogeneous waveguide with a
tunable effective refractive index set by geometry [22, 23].
The optical power attenuation T in the waveguide of
the resonators decays exponentially with the gas concen-
tration σ, the molar absorption Ô, and the optical path
length Lb, namely T = e−γÔσLb . The geometric fill fac-
tor γ = (
∫
V
[Re(n)]2 |E|2 dr)air/(
∫
V
[Re(n)]2 |E|2 dr)total
quantifies how much field energy overlaps with the ana-
lyte [24], with E the position dependent electric field of
the waveguide mode. From Eq. (3), the field attenuation
that enters in the transfer matrix (2) has the form
αLb = γÔσ
QRb
2m . (4)
Solid ring resonators have a relatively small geometric
factor of γ ∼ 0.1 − 0.2 [8, 21, 25]. In SWG waveguides,
optimized values range from γ ∼ 0.34− 0.55.
Topological phase diagram.− The transfer matrix (2) is
invariant under a combination of parity and time rever-
sal symmetry and results in a real band structure. For
3FIG. 2: a) Topological phase diagram of energy loss αLb vs
coupling strength θ for a finite lattice (N = 6). b) Projected
energy bands φ(λ) along kx in strong coupling (θ = 0.32pi)
for αLb = 0.005. Topological states are indicated in orange
and blue. c) Trivial states for θ = 0.32pi and αLb = 0.05.
a suitable range of parameters, each pseudospin mode
propagates independently along the top edge of the lat-
tice shown in red in Fig. 1c. In the absence of processes
that mix the two pseudospin flavors or else energy losses
overwhelming enough to close the topological band gap,
those modes are protected by a Z2 invariant, as in con-
ventional topological insulators.
The topological phase diagram for energy loss (αL)
versus coupling strength θ can be extracted from the
photonic band structure (see Fig. 2a). We calculate the
projected photonic energy bands using the scattering ma-
trix formalism. The scattering matrix M is constructed
from the product of transfer matrices (1) along the x
and y directions of the photonic lattice. We consider a
semi-infinite lattice of resonators that is periodic in the x-
direction and consists of N sites in the y-direction. Field
amplitudes in the lattice site n are represented by the vec-
tor ψn = (bn, dn)T . At the edge of the lattice, we set the
boundary conditions My,1 = e−2iφ and My,N = e2iφ, as
in the lossless case [16]. By applying Bloch’s theorem, the
M matrix satisfies the eigenvalue equation MΨ = eikxΨ,
with Ψ = (ψ1, . . . , ψN )T , kx is the momentum in the x di-
rection andM = Mx1 ·My1⊗. . .⊗MxN−1·MyN−1⊗MxN ·MyN ,
where
Mxn =
1
rn,δ
[
1 −tn,δ
tn,δ det[Sn,δ]
]
(5)
and
Myn =
1
tn,δ
[−det[Sn,δ]e2iφ rn,δ
−rn,δ e−2iφ
]
. (6)
The projected energy bands φ(λ) versus kx are shown in
Fig. 2b and c.
For a given value of energy loss αLb, topological states
are observed if the NN coupling θ is sufficiently strong.
Fig. 2a shows a phase diagram energy loss αLb versus
coupling strength θ. The critical line separating the dif-
ferent regions indicates a topological phase transition be-
tween a topological photonic lattice (blue region) and
a topologically trivial one (green). At zero energy loss
(αLb = 0), the critical coupling is θc = pi/4 [16]. In-
creasing the energy loss weakens the coupling between
photonic lattice sites, eventually closing the topological
band gap and making the lattice trivial. In Fig. 2b and
2c we calculate the energy bands projected along the kx
direction for a strip with N = 6 resonators in the y di-
rection. We have used the coupling strength θ = 0.32pi
and φ(3.4 µm) = −0.43pi. Panel 2b show the bands for
αLb = 0.005, indicating two non-trivial edge modes span-
ning the band gap (shown as the yellow and blue bands).
For αLb = 0.05 the edge modes become topologically
trivial, as shown in Fig. 2c. As we show below, for
trace gas concentrations (σ < 1%), the energy loss is
very small. In this regime, topological protection is al-
lowed while simultaneously permitting absorption spec-
troscopy to reveal the presence of the gas.
TDLAS simulation. − In topologically protected pho-
tonic lattices, all the light energy injected into the input
port will flow along the lattice edge to the output port,
as illustrated in Fig. 1c. Thus the underlying sensing
mechanism consists of monitoring the transmission loss
due to light absorption by a chemical species. [8, 24].
The photonic topological insulator is the 3×3 lattice
shown in Fig. 3. The site rings are given the radius
Rs = 4.074 µm, whereas the bridge resonators have the
radius Rb = 4.2 µm, with Q = 104 and the spacing be-
tween two rings set at g = 0.3 µm. We perform finite
domain time difference (FDTD) simulations to demon-
strate a topological sensor operating at the wavelength
λ = 3.4 µm, targeting methane’s mid-IR absorption
band. The corresponding molar absorption for methane
is Ô = 8.21 cm−1atm−1[26]. We adopt a SWG waveguide
of segmented silicon in air cladding, with refractive in-
dexes n1 = 3.4 and n2 = 1, respectively. The SWG has
spacing Λ = 0.2 µm, thickness a = 0.12 µm, and height
w = 0.5µm. The coupling strength between two site rings
is found to be θ = 0.32pi and φ(λ = 3.4 µm) = −0.43pi,
as depicted in the band plots of Fig. 2. The additional
resonator added to the output port forces the transmit-
ting energy to funnel into the output channel rather than
loop back into the lattice.
Our simulation results show that the topological band-
width is in the range 2940 cm−1−2966 cm−1 [27]. Hence,
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FIG. 3: FDTD simulation for a topological photonic array.
SWG waveguides operate at λ = 3.4µm and are exposed to a
methane concentration of 1%, with energy loss 5.93 × 10−5.
The colors indicate the intensity of the electric field in the
lattice. a) Topologically protected edge states along the lat-
tice boundary; b) in the presence of a defect at the boundary,
the topological edge state reroutes around the perturbation,
preserving the transmission of light across the array.
the spectral bandwidth is ∆λ ∼ 26 cm−1 inside the
topological gap. This feature permits tuning the input
laser wavelength to differentiate the spectral structure
of methane’s fine fingerprint pattern, enabling TDLAS.
In Fig. 3, we show the electric field diagrams as ob-
tained from the FDTD simulations for a methane con-
centration σ of 1%, which corresponds to an energy loss
αLb = 5.93×10−5. Fig. 3a demonstrates the propagation
of topological edge modes in the presence of dissipation,
in agreement with the results of the transfer matrix the-
ory. In Fig. 3b, the lattice is dented by removing a bridge
resonator from the edge. As expected, the photonic edge
states are topologically robust and reroute around this
perturbation.
The proposed TDLAS topological sensor monitors the
transmission loss along the edge states in real time. The
time-dependent transmission results across the photonic
lattice are shown in Fig. 4a. The power absorbed over
time is scanned for trace methane concentrations down
to 0.01%. As shown in the plots, it takes ∼10 pico sec-
onds for the power absorption to stabilize. In Fig. 4b,
we compare the power absorption of the topological pho-
tonic insulator with and without disorder at the edge
(Fig. 3a and b, respectively). The longer path with the
disorder leads to an proportionally increased power loss
and a correspondingly longer time delay for the steady
state transmission, indicated by the arrows. By scaling
up the system size and increasing the optical path length
by orders of magnitude, a TDLAS based topological sen-
sor can realistically reach very high levels of chemical
sensitivity, in spite of fabrication disorder effects.
Depending on the application for which gas sensing is
FIG. 4: Time dependent power loss simulation of the topo-
logical gas sensing performance, a) under different trace gas
concentrations; b) with and without a defect for a methane
concentration of 1%. c) Predicted limit of detection (blue) in
ppm vs. the effective optical path length L along the edge.
The detection limit scales as 1/L. The red curve shows the
total power loss. It scales linearly with L, for a fixed concen-
tration σ of 0.1%.
needed, an appropriate detection range might vary from
thousands of parts per million (ppm) [28] down to parts
per billion (ppb) range [29, 30]. In the topological phase,
the power attenuation scales exponentially with the com-
bination σL, with L the total optical path length along
the edge. For a fixed small energy loss (σL¹ 1/Ôγ), the
concentration hence scales with the length of the edges
as σ ∝ 1/L. If one fixes the energy loss at the limit of the
sensitivity, which is set by the laser power, the detection
limit should therefore scale linearly with the inverse of
the system size in the topological regime. This behavior
is consistent with the scaling analysis of the simulation
results performed for a fixed energy loss at different sys-
tem sizes, as shown in supplementary materials [27].
The plot with the sensor’s limit of detection as a func-
tion of the sensing path length (blue curve in Fig. 4c)
demonstrates that sensitivities below 1 ppm can be easily
reached by an optical path length L of less than 1 cm.
That sensing length scale corresponds to a photonic lat-
tice of 41×41 sites. In addition, the detection limit below
100 ppb requires topologically protected sensing paths of
∼ 5 cm length, corresponding to a lattice of 215 × 215
sites. The red curve is total power absorbed by the gas
medium for a fixed concentration of methane (σ = 0.1%)
5and scales linearly with L. The sensing performance of
this topological device could be further improved by op-
timizing the interaction factor γ of the SWG and the
Q-factor of the lattice of resonators.
Our mid-infrared numerical simulations demonstrate
that topological photonic sensors permit an efficient and
reliable detection of trace amounts of a gas irrespective
of most kinds of disorder and environmental noise. We
point out that this fundamentally new design strategy
can serve as a building block to construct more sophisti-
cated on-chip architectures. We propose that TDLAS
based topological sensors could empower the develop-
ment of novel integrated photonic sensing technologies
for on-chip chemical detection applications.
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I. FDTD SIMULATION
The FDTD simulations were performed using Rsoft Photonics Version 2019.09 via the FullWAVE tool. The materials
used in the simulation are silicon and methane. Perfectly matched layers are used on the boundaries of the simulation
to prevent reflections. The largest mesh element size is set lower than 1/100 of the lowest wavelength.
FIG. 1: FDTD simulation for θ = 0.19pi (top) and θ = 0.32pi (bottom).
Following the approach of ref. [24], the sensitivity and limit of detection of TDLAS in the photonic lattice is
modelled using realistic system configurations that include the laser injecting power and photodiode’s detection limit
[10,24]. Using a waveguide input power of 5 mW, the sensor’s sensitivity and limit of detection can be obtained
with an estimation of the photodiode’s minimum detectable power. The minimum detectable power is given in terms
of the photodiode signal-to-noise ratio (SNR), noise equivalent power (NEP), and bandwidth (BW) by δPmin =
SNR ·NEP · (BW ) 12 . A commercial mid-IR InAs photovoltaic detector (such as the Hamamatsu P10090 series) can
achieve an NEP of 1.5−13. If the detection bandwidth BW is limited to 2 MHz with a signal to noise ratio of 10, an
estimated theoretical limit of detection (LoD) can be obtained for each sensitivity.
FIG. 2: The site ring coupling strength as a function of frequency, showing the strong coupling bandwidth.
The determination of the coupling θ between site rings can be done via FDTD using the relation where Iout and
Iin are the intensities in the input and output ports. In Fig. 1, we show the field amplitudes for corresponding to
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2θ = 0.19pi, in the topologically trivial regime, and θ = 0.32pi in the topologically non-trivial one. Further, by scanning
the ring resonator’s transmission in the frequency spectrum, a region of strong coupling behavior that enables the
topological effect can be obtained. Fig. 2 presents the spectral bandwidth in the topological sector of the phase
diagram.
II. SCALING OF THE DETECTION LIMIT
In order to extract the detection limit for large system sizes, we performed simulations in five different system sizes
ranging from 3× 3 to 3× 7 lattices and scaled the data. The data points for limit of detection versus effective optical
path length are shown in table 1 and were plotted in Fig. S2. The scaling of the data with the inverse of the optical
path length 1/L shown in the same plot is a straight line passing through the origin.
Effective Optical Path (mm) Power Absorbed (a.u.) Limit of Detection (ppm) Lattice size
0.567 0.00206 1.823 3× 3
0.671 0.00215 1.54 3× 4
0.775 0.00219 1.33 3× 5
0.879 0.0023 1.18 3× 6
0.983 0.00239 1.05 3× 7
TABLE I: Power absorbed in the photonic topological insulator and the sensing limit of detection (LOD) when the length of
the effective optical path is varied by scanning the lattice size from 3×3 to 3×7.
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FIG. 3: Scaling of the simulation data for the limit of sensitivity for different system sizes. The scaling shows that the limit of
sensitivity scales linearly with the inverse of the system size.
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